Leaf variegation has long been known as a recessive genetic trait in higher plants . Unlike albino mutants, leaf-variegated mutants are non-lethal and thus enable us to study a novel mechanism of plastid development and maintenance. Variegation results from a defect that makes chloroplast development unstable, since at least part of the tissues gives rise to normal chloroplasts . Despite the fact that leaf-variegated mutants have contributed to the findings of maternal inheritance or have been used as genetic markers, these mutations and the responsible loci have been poorly understood at the molecular level . A comprehensive study of the leaf-variegated mutants is possible in Arabidopsis , since such mutants have been known and the cloning can be at relative ease as a model plant . Here I summarize recent progress on characterization of the Arabidopsis leaf-variegated mutants . Detailed analysis of the responsible loci revealed that variegation is caused by a defect in various metabolic pathways related to organelle functions . Thus, studies on these genes provide us with novel redundant mechanisms by which heteroplasmic organelles such as plastids and mitochondria can survive from an environmental stress.
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Leaf variegation is a genetic phenotype frequently observed in higher plants. Variegation in monocotyledons is sometimes referred to as striping. It can be defined as a category of chlorotic mutants showing white or yellowish sectors in green tissues such as leaves and stems. Variegation seems to occur naturally or by mutagenesis, and has been a subject of genetic studies since early twentieth century (Correns, 1909) . While some of the variegated mutants have contributed to the findings of non-Mendelian inheritance (e.g. Imai, 1928; Ahokas, 1976 in barley; Rhodes, 1943 in maize, Epp, 1973 in Oenothera , Rédei and Plurad, 1973 in Arabidopsis ), or have been utilized as a genetic morphological marker (Jenkins, 1924; Robertson, 1967) , the mechanism resulting in leaf variegation has been poorly understood at the molecular level. Recent cloning of the responsible genes, by transposon tagging and other means in several plant species, has indicated that leaf variegation occurs through various metabolic pathways. Although it remains unknown how variegated tissues occur in these mutants precisely, characterization of their responsible genes reveals that plant cells contain a redundant mechanism by which heteroplasmic organelles, such as plastids and mitochondria, can survive from an environmental stress and a defective interaction between these organelles. Here I focus on leaf-variegated mutants and describe their responsible genes in a model plant Arabidopsis thaliana . I only describe recessive mutations that are mapped as nuclear loci, and other causes such as insertion-excision of a transposon (e.g. Chatterjee et al., 1996; Keddie et al., 1996) or cytoplasmic mutations (Newton et al., 1986; Stoike and Sears, 1998) are not described.
Characteristic features in leaf-variegated mutants.
It should be emphasized that leaf variegation is nonlethal unlike albino mutants (Fig. 1) . Chlorophyll biosynthesis is indispensable in higher plants and any mutations acting on its biosynthetic pathway may lead to an albino phenotype (Somerville, 1986 , Leon et al., 1998 . Rather, variegation is caused by a defect that makes chloroplast development unstable, since a part of the tissues, if not all, gives rise to normal chloroplasts. What is characteristic to leaf variegation is formation of white and green sectors in the same leaf. It means that a green tissue contains normal chloroplasts (originated from plas-tids as they develop thylakoids internally), whereas a white tissue lacks developed chloroplasts and only contains abnormal plastids (Burk et al., 1964; Shumway and Weier, 1967) . The fact that a single recessive mutation can result in such a sector formation suggests that a loss of the gene function may affect the leaf cells unequally. In a variegated leaf, cells with only normal chloroplasts or abnormal plastids are observed (Fig.  2) . In contrast, a mixture of both plastid types is rarely seen, and in this case the mutant is often referred to as 'plastid autonomous' (Wetzel et al., 1994) . Sector formation is a result of cells destined to have either type of plastids at a particular developmental stage, strongly suggesting that the mutation impairs plastid differentiation at a certain stage of leaf development. Concomitantly, the mutation may prevent chloroplasts from maintaining developed chloroplasts cell-autonomously, thereby leading to collapse of inner membrane structure and the green/white sector formation.
Leaf-variegated mutants in Arabidopsis. Table 1 and Fig. 1 show leaf-variegated mutants and their responsible genes known in Arabidopsis . The mutants chloroplast mutator ( chm ) and immutans ( im ) were isolated originally by Rédei (Rédei, 1963; 1967, Rédei and Plurad, 1973) . The other mutants yellow variegated1 and 2 ( var1 and var2 ) have been genetically identified by Martínez-Zapater (1993) . While a number of mutant lines categorized as 'variegated' exist in stock center collections, there are only four loci genetically defined. Our extensive screening and complementation analysis of variegated mutants fail to identify a new locus (Sakamoto et al., 2002) . As mentioned, variegation can be observed depending on various environmental factors. In particular, light intensity and temperature considerably influence the variegation pattern (Martínez-Zapater, 1993; Wetzel et al., 1994) .
White sectors of chm are generally large and tend to occur at either side of the leaflet (Rédei and Plurad, 1973) . Because the variegated phenotype inherits maternally, the sector formation differs substantially in each plant. In contrast, variegation in var1 and var2 is uniform and looks marbled as one can be reminded of a stripe mutant in monocotyledons (Martínez-Zapater, 1993) . They appear to be affected largely by light and temperature. The variegation in im is slightly different from the above mutants, in that the white sector dominates the leaf, and the green sector appears as spotted (Rédei, 1967; Wetzel et al., 1994) . Compared to var1 and var2 , the leaf morphology is affected in im , and an intermediate of carotenoid biosynthetic pathway (phytoene) accumulates (Wetzel et al., 1994; . Appearance of the green spots is affected by light in im .
There are other mutants that are not included in this study but may be categorized as variegated in a specific environmental condition. For example, pale cress ( pac ) is an albino mutant and lethal unless growing together with a carbon source (Reiter et al., 1994) . When grown on a sucrose-containing medium, it shows green spots on a chlorotic leaf, perhaps because chloroplast development is partially rescued by supplementing a carbon source (Grevelding et al., 1996) . On the other hand, the mutant called cab underexpressed ( cue ) has been isolated (Li et al., 1995) based on the reduced expression of a reporter gene driven by a light-dependent promoter from CAB gene (encoding a core protein of light harvesting complex II). This mutant is also lethal without supplementing a carbon source, and the leaf is reticulated as the leaf area along with veins become white (López-Juez, et al., 1998; Streatfield et al., 1999) . Thus, the definition of variegation is neither simple nor uniform.
chloroplast mutator ( chm ). The chm mutant provides us with an interesting example of maternal inheritance in Arabidopsis . Although chm is recessive and maps on Chromosome 3, variegation inherits maternally: a cross of chm as a male parent with a wild type results in no variegation in F 1 and a Mendelian segregation ratio (3:1 ratio) of variegation in the F 2 generation. However, when used as a female parent, variegated and normal plants are evident in F 1 . This outcome is genetically explained by incomplete penetrance of the variegated phenotype exclusively through the female gamete. This finding of maternal inheritance led Rédei to designate the mutant 'chloroplast mutator', since he believed that a mutation was induced in the chloroplast rather than the mitochondrial genome (Rédei, 1973) . If a mutation at the CHM locus induces a heritable change in the chloroplast genome, it should be detected by restriction fragment length polymorphism (RFLP). While attempts failed to identify RFLP in the chloroplast genome, Martínez-Zapater et al. (1992) found that the mitochondrial genome was altered in chm mutants. They showed that a mitochondrial DNA (mtDNA) fragment specific for chm background is present in the mutant. Similar mtDNA polymorphism was reported in F 1 progeny. In addition, our group found that a small plant, almost lethal and showing aberrant growth rather than variegation, is often observed in F 1 and inherited maternally (designated MDL for maternal distorted leaf, Sakamoto et al., 1996) . Complete albino plants have been also isolated by tissue culture of chm plants (Mourad and White, 1992) . These plants contained a specific mtDNA configuration not detected in a wild type. Detailed analysis of the mitochondrial RFLP in these plants indicated that the structural alteration of the mitochondrial genome was not due to the newly generated DNA configuration in the mutant (i.e. recombination products). PCR analysis instead indicated that both wild-type-specific and chm-specific mtDNA configurations are present in wild-type and chm plants (Sakamoto et al., 1996) . These observations suggest that CHM is required for maintaining the normal mtDNA molecules and/or excluding the accumulation of abnormal mtDNA molecules from substoichiometric levels.
Mitochondrial genomes in higher plants are thought to consist of heterogeneous populations of DNA molecules (Mackenzie and McIntosh, 1999) . These molecules differ in length, gene composition, and stoichiometry. Physical mapping of the mitochondrial genome indicates that these heterogeneous populations are generated by various recombinationally active direct-and inverted-repeats spread throughout the mitochondrial genomes (Klein et al., 1994; Unseld et al., 1997) . CHM is perhaps involved in regulating mitochondrial genome composition in order to suppress the generation or accumulation of particular mitochondrial genome configurations somatically. Loss of CHM may result in accumulation of abnormal mtDNA molecules such as a dominant-negatively acting chimeric gene in a heteroplasmic manner, consequently leading to mitochondrial dysfunction formed as a sector in leaf tissues. Variegation can be explained by a secondary plastidic response to the mitochondrial heteroplasmy and a defective interaction between the two organelles. Plastids and mitochondria are known to interact each other by sharing several metabolic pathways and ATP generation. A defect in mitochondrial activity may influence plastid development and/or maintenance, and an example of mitochondrial dysfunction leading to a striping phenotype is well documented in maize (Newton and Coe, 1986) .
Cloning of the CHM locus has been completed recently by Mackenzie's group. It appears to encode a protein homologous to yeast Msh1p (S. Mackenzie, personal communication) . MSH1 is one of the seven genes homologous to E. coli mutS (Reenan and Kolodner, 1992a) and is involved in the mismatch repair during replication and maintenance of mtDNA (for review, Kolodner and Marsischky, 1999) . Loss of function in MSH1 results in respiratory deficiency and large deletions in mtDNA (Reenan and Kolodner, 1992b) . Msh1p exhibits an ATPase activity and preferentially recognizes DNA substrates containing nucleotide mismatches and unpaired nucleotides (Chi and Kolodner, 1994a; 1994b) . Although whether the mitochondrial genome rearrangement in chm is associated with any deficiency in mismatch repair of mtDNA remains to be studied, these findings seem to well explain the predicted function of CHM described above.
immutans ( im ). The mutation is mapped on Chromosome 4 and does not inherit maternally (Rédei, 1967) . Appearance of the white sectors in im is the most affected by light among the variegated mutants (Wetzel et al., 1994) . Development of the white sectors is also enhanced by temperature. As mentioned, unusual accumulation of phytoene has led to the assumption that the mutation is associated with carotenoid biosynthetic pathway. Chloroplasts and chromoplasts of fruits and flowers tissues synthesize carotenoid, that acts on sup-porting light harvesting in photosynthesis and preventing plastids from photooxidative damage. White tissues include gradually to severely vacuolated plastids with collapsed inner membrane structure. These observations suggest that IM acts on an early development of chloroplasts and other plastid types such as chromoplasts (Jossse et al., 2000 , Aluru et al., 2001 .
The IM locus has been identified by T-DNA tagging and map-based cloning (Carol et al., 1999; Wu et al., 1999) . It encodes a chloroplast protein similar to a mitochondrial alternative oxidase (AOX). AOX is present in mitochondrial inner membranes and acts as a terminal oxidase of respiratory chain in which it accepts electrons directly from a ubiquinone pool (for review, Vanlerberghe and McIntosh, 1997; Berthold et al., 2000) . This pathway differs from cyanide-insensitive electron transfer from ubiquinone to cytochrome oxidase, as AOX does not generate a proton gradient and ATP is not produced. AOX exists in all higher plants and in some algae, fungi, and protists. Although the precise function of AOX in higher plants is not fully understood, recent studies indicate that it is involved in balancing the carbon metabolism and downstream electron transfer. Requirements of carbon, reducing power and ATP production may vary depending on the environmental conditions. For example, the excess of carbon metabolism may lead to overflow of electrons when electron transfer via cytochrome oxidase is saturated. Such a reducing power may cause an oxidative stress in mitochondria. AOX likely acts as a scavenger of the production of reactive oxygen species. Supporting these are the observations that expression of AOX is inducible by adding the inhibitors of electron transfer, and that overexpression of AOX in transgenic plants shows an increased tolerance to environmental stresses (Maxwell et al., 1999) .
Cloning of the IM locus thus revealed that a terminal oxidase similar to AOX is also present in chloroplasts (Carol and Kuntz, 2001) . IM was indeed shown to have a terminal oxidase activity when expressed in bacteria (Josse et al., 2000) . Despite their similarity, IM is distantly related to the AOX protein families based on the phylogenetic analysis. Relative positions of the two alpha-helical membrane domains are conserved and located in the central region of the protein. Two ironbinding motifs, possibly involved in forming a binuclear iron center, are present in AOX species. In contrast, three of the iron-binding motifs are found in the C-terminal region of IM. Moreover, IM lacks the two conserved cysteines potentially important for the dimerization of AOX in higher plants. IM does not seem to comprise a gene family in Arabidopsis .
Variegation caused by the mutation at the IM locus is likely due to photooxidation of chloroplasts, directly or indirectly caused by the impairment of carotenoid biosynthetic pathway. Light acts not only as a critical signal for plastids to differentiate thylakoid membranes, but also an energy source for photosynthesis to take place. However, excess light energy can be toxic and inhibitory to the photosynthetic activity (called photoinhibition). In particular, excess light energy generates reactive oxygen species leading to the photooxidation of photosynthetic components. Plants develop several mechanisms to tolerate photoinhibition, and this is called photoprotection (Niyogi, 1999) . Among them is non-photochemical quenching where various accessory pigments such as carotenoid are involved. Implication of carotenoid in this mechanism has been suggested by the observation that a mutant deficient in carotenoid biosynthetic pathway results in albino under light exposure (Somerville, 1986) . Loss of carotenoid may enhance photooxidation of the light harvesting complex and thus giving rise to a bleached tissue. Together with the observation that phytoene accumulates in the im mutant, IM has been considered to participate in desaturation of phytoene as a coupling factor of the enzyme, phytoene desaturase (PDS). Activation of PDS may require the reoxidization of plastiquinol to plastoquinone using a molecular oxygen and IM as a terminal acceptor and a terminal oxidase. Formation of the green and white sectors would be explained by the fact that the IM function, namely acting as a cofactor of PDS can be supplemented by the other possible oxidase. Based on the terminal oxidase activity, it is also proposed to play a role in chlororespiration (Carol and Kuntz, 2001) . yellow variegated ( var1 and var2 ). Both var1 and var2 are nuclear recessive and mapped on Chromosomes 5 and 2, respectively. The variegation pattern looks like marbled in both mutants, suggesting a common mechanism. In general, the degree of variegation is higher in var2 than var1, although its expression varies in their alleles (Martínez-Zapater, 1993 , Chen et al., 1999 , Sakamoto et al., 2002 . Electron microscopic observation indicates that the green sector contains normal chloroplasts whereas plastids in the white sector are vacuolated with obscure inner membrane structures. In var2 mutants, plastid types such as proplastids (in shoot apical meristems) and amyloplasts (in root tissues) appear normal compared with the wild type. In contrast, abnormal plastids lacking inner membrane structures begin to form at the lateral stage. These observations suggest that VAR2 acts on an early stage of the plastid development. Deficiency in plastid development in var1 is similar to var2. Together with the phenotypic conservation, both mutations were likely caused in a similar fashion. However, they are apparently different in temperature sensitivity. The variegation in var1 is suppressed at low temperature (16°C).
Conversely, the same low-temperature condition seems to enhance variegation in var2.
VAR2 has been cloned recently by map-based cloning and T-DNA tagging (Chen et al., 2000; Takechi et al., 2000) . It encodes a chloroplast protein showing high similarity to an FtsH metalloprotease. FtsH, originally identified in E. coli, is an ATP-dependent metalloprotease that belongs to an AAA protease subfamily of the large AAA + protein family (AAA is designated after ATPase associated with diverse cellular activities). It exists through prokaryotic to higher eukaryotic organisms, and is involved in various biological functions (for review, Patel and Latterich, 1998; Langer, 2000; Ogura and Wilkinson, 2001) . Like FtsH in bacteria, VAR2 contains two transmembrane domains at its N-terminus and the conserved ATPase and protease motifs required for its catalitic activity. The AAA module is composed of Walker A and B motifs as an ATP-binding domain. In addition, VAR2 contains a single AAA-family signature domain, the second region of homology (SRH), and a zincbinding domain possibly required for its proteolytic activity. Involvement of FtsH in leaf variegation was further confirmed by the fact that the VAR1 locus also encodes another chloroplastic FtsH (Sakamoto et al., 2002) . Assuming the similarity of variegation patterns between var1 and var2, any FtsH homologues closely mapped on Arabidopsis chromosomes was searched. One candidate, AtFtsH5, is physically mapped on 86 centimorgan (cM) in chromosome 5, whereas var1 has been mapped on 68 cM in the genetic map. Sequence analysis of all the var1 alleles (including one T-DNA insertion line) contained a nonsense mutation in AtFtsH5, leading to the conclusion that it is the VAR1 locus. VAR1 protein is highly similar to VAR2 together with other FtsHs present Arabidopsis genome. Database search revealed that twelve FtsH homologues including VAR1 and VAR2 are present in Arabidopsis (The Arabidopsis Genome Initiative, 2000; Adam, et al., 2001; Sokolenko et al., 2002) . I have recently used a GFP transient assay to examine the cellular location of these FtsHs, and the results showed that nine FtsHs appeared to be targeted into chloroplasts, and the other three are targeted into mitochondria (unpublished data). These results indicate that FtsHs comprise a small gene family in Arabidopsis, and that the defect in VAR1 or VAR2 can be at least dispensable and tolerated by such gene redundancy.
VAR1 and VAR2 are located in thylakoid membranes with their catalitic domain facing to a stromal side. A VAR1-fusion protein synthesized in E. coli was shown to hydrolyze ATP and partially degrade albumin (Sakamoto et al., 2002) . To understand why the loss of a protease results in leaf variegation, photooxidative damages in chloroplasts should be taken into account (Melis 1999; Niyogi, 1999) . Photodamaged proteins in a photosynthetic complex needs to be degraded rapidly, as the block of electron transport may result in photobleahing. Two observations in protein turnover of thylakoid membranes suggest the importance of the proteases (Adam, 2000) . Firstly, D1 protein in photosystem II (PSII) reaction center is known to degrade very rapidly (Mattoo et al., 1984) . Given that PSII is a major site of photooxidation in thylakoids, photodamaged D1 needs to be replaced to avoid photoinhibition. Secondly, the formation of photosynthetic protein complexes in thylakoid membranes requires coordinated expression and assembly of the subunit proteins (Rochaix, 1996) . If not assembled properly or damaged, the complexes together with unassembled proteins are then rapidly degraded. Recent biochemical analysis has indicated that FtsH acts as a protease in such a degradation pathway (Lindahl et al., 1996; .
Although the precise mechanism causing leaf variegation in var1 and var2 remained unclear, these observations suggest that protein degradation in thylakoid membranes is tightly linked to light stress (Bailey et al., 2002; Sakamoto et al., 2002) . One of the results from photodamage is bleaching of the tissues, which may occur in var1 and var2 mutants. Chloroplasts have mechanisms to protect themselves from photodamage (Niyogi, 1999) , and proteases are thus important for photoprotection. It needs to be understood whether they also participate in protein assembly. Some of the FtsH proteins like mitochondrial FtsHs in yeast have a chaperone activity (Arlt et al., 1996) . Much attention has been focused on the chloroplastic FtsHs of protease activities, but their chaperone activity, if any, should be examined. The other question to be answered is why leaf variegation occurs only in the mutations at VAR1 or VAR2 locus, but not at any other FtsH loci. Alternatively, in the var1 mutant, why is the loss of VAR1 not complemented by VAR2, or vice versa? Currently I hypothesize that VAR1 and VAR2 are the major component of the FtsH complex in thylakoid membranes by forming a hetero-oligomer. This is based on our observation that protein accumulation of VAR1 dramatically decreases in var2 mutants (W. Sakamoto, unpublished data). Complex formation of FtsH has been reported in bacteria (Akiyama et al., 1995; Akiyama and Ito, 2000) . AAA proteases are known to form a hetero-oligomer (Arlt et al., 1996; Bochtler et al., 2000; Sousa et al., 2000) . Oligomerization requires their N-terminal transmembrane domains, and the dimerization is necessary for the proper protease activity (Akiyama and Ito, 2000) . Comprehensive study of the FtsH homologues will enable us to answer these questions.
It should be noted that several other FtsH proteins have been isolated in plant and algae (Hugueney, et al., 1995; Mann et al., 2000; Seo et al., 2000) . Reduction of an FtsH protein DS9 in tobacco appears to accelerate the hypersensitive reaction of the host leaves against virus infection (Seo et al. 2000) . A pepper FtsH homologue Pftf has been biochemically identified as an important factor associated with differentiation of chloroplasts into chromoplasts during the ripening of pepper fruits (Hugueney. et al. 1995) . Involvement of FtsH has also been suggested in degradation of Rieske FeS protein in vitro (Ostersetzer & Adam 1997) .
Perspectives. Cloning of the genes responsible for leaf variegation in the mutant alleles shows that variegation is caused by various metabolic pathways related to plastids and mitochondria. While the role of the gene products provides us with further insights into chloroplast development and maintenance, one is still puzzled on, then, how variegation occurs precisely, namely, how the leaf segregates white and green sectors. Nevertheless, I propose variegation to be a common phenotype of interorganellar compensation and cytoplasmic sorting processes that minimize the defects in chloroplast and mitochondrial functions. Segregation of normal and abnormal chloroplasts in variegated mutants indicates that there is a threshold level for the demand of chloroplast (or mitochondrial) activity. Because of the heteroplasmic nature of these organelles, higher plants may have evolved redundant mechanisms to adjust the demand of such organelle activities. For example, plastids and mitochondria (and possibly peroxisomes) are tightly interlinked functionally which leaves them both vulnerable, as evidenced in chm, but also somehow compensatory for functions. In the case of im, var1, and var2, leaf tissues differentially respond to photobleaching that generates a white sector. While plants can still survive as long as green tissues remain through unknown reasons, an additional way to prevent photoinhibition may have been required. Thus, studies on variegated mutants and their responsible genes enable us to understand the novel mechanisms to maintain heteroplasmic organelles under different environments and cytoplasmic activities.
The two remaining questions arise. One is whether we have saturated mutagenesis and no more leaf-variegated mutants are obtained. It is still open to question, but expression of variegation, if any, may be conditional and the screening should be carefully performed. The other question is whether our knowledge on the responsible genes for variegation can be generalized for many variegated mutants in nature. This is partly so, for example, since a tomato mutant, ghost, showing a typical variegation similar to im, results from a mutation at the gene homologous to IM (Josse et al., 2000) . In contrast, there is no evidence yet that a stripe mutation in monocotyledons is caused by a mechanism similar to any of the Arabidopsis cases. A maize mutant iojap (ij) is one of the oldest stripe mutants known in literature, and the responsible gene has been cloned by transposon tagging (Han et al., 1992) . The IJ gene encodes a novel chloroplast protein with any known predictable function. Further accumulation of our knowledge on leaf-variegated mutants and their responsible genes in other plant species may be necessary.
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